Perceived sound quality of loudspeakers, headphones, and hearing aids was investigated by multivariate techniques from experimental psychology with the purpose (a) to find out and interpret the meaning of relevant dimensions in perceived sound quality, (b) find out the positions of the investigated systems in these dimensions, (c) explore the relations between the perceptual dimensions and the physical characteristics of the systems, and (d) explore the relations between the perceptual dimensions and overall evaluations of the systems. The resulting dimensions were interpreted as "clearness/distinctness," "sharpness/hardness-softness," "brightness-darkness," "fullness-thinness," "feeling of space," "nearness," "disturbing sounds," and "loudness." Their relations to physical variables were explored by studying the positions of the investigated systems in the respective dimensions. Their relations to overall evaluations were studied, and the implications of the investigations for continued research are discussed.
and 1000 Hz as well as in broadband condition (dBA). The equalization was also checked perceptually by the experimenters and by subjects in pilot experiments.
B. Subjects and judgment methods
In each experiment 20-42 normal hearing subjects were used. For the most part an experiment was performed with two or three subjects at a time. The stimuli (PxS combinations) were presented in a randomized order, different for different groups of subjects. The subjects were instructed to judge the perceived sound quality according'to one of the following methods:
Adjective ratings
The subjects got lists with a big number of adjectives and were asked to designate how well each adjective characterized the reproduction in question by writing a figure from 0 to 9 for each adjective, where 0 meant that the reproduction had nothing of the quality denoted by the adjective, and 9 that the reproduction had a "maximum" of that quality. There was one list for each P xs combination with the order of the adjectives differently randomized for each list and each subject. 
Similarity ratings
In this case the reproductions appeared in pairs (with a silent interval of about one second between the members of the pair), and the subjects were instructed to judge the perceived similarity between the respective two reproductions (systems) on a scale from 100 (perfect similarity) to 0 (minimum similarity). With S systems there are S(S-1)/2 possible pairs, and these multiplied with the number of programs give the total number of cases to be judged. The order of these pairs was randomized with an interval of about six seconds between each pair. The whole procedure was repeated one or more times (with different randomized orders) to increase the reliability of the judgments. This method was also used in two introductory experiments described earlier (Ref. 10).
Free verbal descriptions
As complement to the above methods the subjects were also asked to describe in their own words how they perceived the sound reproduction for a sample of the actual stimuli. After each experiment they also answered various questions about their judgment principles.
For all methods mentioned above preliminary trials were made before the experiment started, and several relaxation breaks were given. The subjects knew nothing about the type or number of systems appearing in the respective experiment. Some information was given about the programs indicating piece of music, performers, and something about the room where the recording took place. For orientation about factor analysis see Gorsuch.
•
The similarity ratings were analyzed according to the distance model in multidimensional scaling •a as recently developed in a model dealing with individual differences in multidimensional scaling, INDSCAL? As ap-plied here, the systems are thought of as points in a Euclidean space of n dimensions. These dimensions represent the perceptual dimensions underlying the similarity judgments. The similarity ratings are taken as indicators of the distances between the systems in the space: the more similar two systems are rated to be, the nearer they should lie in the perceptual space, and vice versa. Different individuals may give different weights to different dimensions, however, and this fact is utilized to provide a unique solution, that is, a unique position of the dimension axes in the n-dimensional space. The perceptual meaning of the dimensions may be interpreted by observing the positions of the systems within the respective dimension and by studying the verbal descriptions of the subjects, especially by those subjects who, according to the analysis, give the highest weights to the dimension in question.
For more details of methods and data treatment see the prepublication reports (Refs. 12-15) and two separate papers. 2ø' 2• Six experiments are described in the following. They do not appear in their chronological order but according to the type of system that was used (loudspeakers, headphones, hearing aids).
II. EXPERIMENT WITH LOUDSPEAKERS
Two experiments with similarity ratings of loudspeakers were reported earlier in this Journal by the authors. xa They are followed here by an experiment using adjective ratings and factor analysis.
A. Stimuli and listening conditions
The following five programs were used: Factor I (1; 'I) is interpreted as a general quality factor emphasizing "Clearness/Distinctness," "feeling of space," and "nearness" in the reproduction. As seen in Table I, The psychophysical relations behind this factor are suggested from the positions of the P xS combinations in this factor as defined by the factor scores in Table II.  In this table the Factor IV (F IV), finally, is interpreted as a "Disturbance/Noise" factor with only one substantial factor loading: "noisy/hissing" (0.84; all other adjectives had loadings between -0.25 and 0.28). From the corresponding factor scores it was evident that increasing the treble response (Bt.) resulted in a more "noisy/hissing" sound, while reducing the treble response (t•_) also reduced this disturbing sound.
III. EXPERIMENT WITH HEADPHONES
In this experiment similar judgment and analysis methods were used as in the above experiment. The differences mainly concern the stimuli and listening conditions.
A. Stimuli and listening conditions
The stimuli were five music programs presented stereophonically over each of eight headphones. The Table III ), reduced to that number on basis of the resuits in preceding experiments (including those described below). Each subject thus made 40x30 =1200 judgments according to an instruction analogous to that in the loudspeaker experiment above. The data treatment was also similar, but also included various procedures for analysis of variance to test the presence of significant differences between the headphones in the different adjective scales (for details see the prepublication).
C. Results
The inter-rarer reliability for most adjectives varied between 0.60 and 0.91 (median 0.75). Furthermore there were highly significant differences between the headphones in all adjective scales, which also indicated the reliability of the ratings and that a successful selection of adjective scales had been made.
In the factor analysis five factors accounted for 85.8% of the total variance. The factor loadings for the adjectives appear in Table III H6 is the most "soft" one, followed by H5 or H4 (and H8 for program 3), while H3 is fairly outstanding on the "sharp/hard/loud" side. A look at the frequency responses (Fig. 2) suggests that this perceptual character of H3 is related to the prominent peak around 3000-4000 Hz in its frequency curve.
Factor II (F II) is interpreted as "clearness/distinctness." The highest factor loadings on one side of the continuum appear for "clear" and "pure/clean"followed by "true-to-nature" and "feeling of presence." On the opposite side an outstanding high loading occurs for Factor IV (F IV) may be labeled "brightness-darkness," possibly with a touch of "fullness." The adject-ives "bright" and "thin" have the highest factor loadings on one side, while "emphasized bass, .... rumbling," and "dull" dominate the opposite side (note also "full" with a moderately high loading).
In the factor scores for F IV the "bright/thin" side is represented above all by H3, followed by HS, while the opposite "dark/bass" side has H5 as rather outstanding example within each program. It seems fairly evident that these perceptual characteristics reflect differences in the frequency responses: the peak around 3000-4000 Hz in H3 versus the bass boost in H5.
Factor V (F V) is aptly described by its single high loading on the positive side occurring for "feeling of space." In contrast to this the highest loading on the other side appears for "closed/shut up."
No doubt this factor reflects much of the recording conditions for the different programs. In the factor scores for F V it is striking that reproductions of program 2, which was recorded in a studio, give less "feeling of space" than the other programs which were recorded in big rooms, for instance, program I in a church and program 5 in a concert hall. There are, however, also recurring differences between the headphones. H1 gives most "feeling of space" within each of the programs (except for program 3), while H3 is extreme on the "closed/shut up" side, followed by H8 or HS. It may be noted that H1 is the single headphone which is not directly applied against the outer ear. 
D. Experiment 4
The hearing aids were now listened to as in reality, that is, directly fitted into individual earmoulds (the reference system, however, was listened to by headphones). The same three programs as in experiment 2 were used. The experiment was very time-consuming and tiring. Ten normal hearing subjects and three hearing impaired subjects made ratings of the 3 Px8 S =24 Pxs combinations on 50 adjective scales. Five factors accounted for 86% of the total variance in the data for normal hearing subjects. The first two factors were "sharpness/hardness-softness" and "clearness/ Tables I and III but also corresponding data from the hearing aid experiments not given here.
In the "clearness/distinctness" dimension both "pleasant" and "natural/true-to-nature" have rather high factor loadings on the "clear/distinct" side of the continuum. This is somewhat more pronounced for "natural/true-to-nature" than for "pleasant." "Clearness" seems thus important for both aspects, but probably more for "naturalhess" than for "pleasantness" (for instance, a reproduction may sometimes be too "clear" to be "pleasant").
In "sharpness/hardness-softness" both "pleasant" and "natural" appear on [he "soft" side, and more so for "pleasant" than for "natural." A "soft" reproduction may thus be "pleasant," but it may sometimes be too "soft" to sound "natural."
In "brightness-darkness" the situation is more varying with "pleasant" and "natural" appearing rather neutrally in the middle or slightly on the "dark" side. In "fullness-thinness" they appear on the "full" side, in the "feeling of space" dimension they belong to the "open/airy" side, and in the "disturbing sounds" dimension they occur, of course, on the "nondisturbance" side. In "nearness" the situation is varying, but in most eases "pleasant" and "natural" appear on the "near" side rather than on the "distant" side, and possibly more so for "natural" than for "pleasant" (a too "near" reproduction may not be "pleasant"). "Sharpness/hardness" is probably related to the "density" dimension described for pure tones?' 26 "Density" is said to increase with increasing frequency and increasing intensity, which is strikingly similar to the fact that "sharpness/hardness" increases with frequency responses rising towards the treble and with higher levels. For perception of sound reproductions it seems more natural to speak of "sharpness/hardness" rather than "density." In fact the Swedish word "t//t" ("dense") was not judged as suitable for describing per- A problem here is the presence of interaction bet-ween programs and systems, that is, the judgment of a system may be rather different depending on which program is used for "testing" the system. This dependence on programs has been mentioned earlier, and many concrete examples are given in the pre-publication reports. Since the stimulus reaching the listener's ear is a function both of the program's physical structure and of the characteristics of the reproducing system (room acoustics etc. may also be included), it is not surprising that a certain system may sound rather differently when fed with different programs. The selection of proper programs which actually "reveal" differences between different systems is a difficult problem in all listening tests. With increased knowledge about perceptual dimensions and underlying psychophysical relations we may be in a better position to select adequate programs. 
C. Evaluative judgments

